Proton Transfer Pathways in Bacteriorhodopsin at 2.3 Angstrom Resolution
Hartmut Luecke,* Hans-Thomas Richter, Janos K. Lanyi* Photoisomerization of the retinal of bacteriorhodopsin initiates a cyclic reaction in which a proton is translocated across the membrane. Studies of this protein promise a better understanding of how ion pumps function. Together with a large amount of spectroscopic and mutational data, the atomic structure of bacteriorhodopsin, determined in the last decade at increasing resolutions, has suggested plausible but often contradictory mechanisms. X-ray diffraction of bacteriorhodopsin crystals grown in cubic lipid phase revealed unexpected two-fold symmetries that indicate merohedral twinning along the crystallographic c axis. The structure, refined to 2.3 angstroms taking this twinning into account, is different from earlier models, including that most recently reported. One of the carboxyl oxygen atoms of the proton acceptor Asp 85 is connected to the proton donor, the retinal Schiff base, through a hydrogen-bonded water and forms a second hydrogen bond with another water. The other carboxyl oxygen atom of Asp 85 accepts a hydrogen bond from Thr 89 . This structure forms the active site. The nearby Arg 82 is the center of a network of numerous hydrogen-bonded residues and an ordered water molecule. This network defines the pathway of the proton from the buried Schiff base to the extracellular surface.
Bacteriorhodopsin is a small integral membrane protein that functions as a light-driven proton pump (1) . Its seven-helical structure has been described (2) (3) (4) (5) at increasing resolutions, most recently at 2.5 Å. The protein crystallizes from cubic lipid phase as thin hexagonal plates containing stacked layers of two-dimensional sheets of trimers, similar to the naturally occurring twodimensional lattice formed by bacteriorhodopsin (5, 6) . The time courses of absorbance changes at 570, 410, and 640 nm after flash photoexcitation (7) indicate that the photochemical cycle in these crystals is nearly equivalent to that of purple membrane suspensions. We measured x-ray diffraction from these crystals. They belong to space group P6 3 with two trimers per unit cell, offset by 1 ⁄2 in c. In addition to the expected sixfold symmetry along the c axis, there are, unexpectedly, additional twofold axes in the a/b plane, as shown in Fig. 1 . Given the space group for these crystals, this is an indication of merohedral twinning, a phenomenon not uncommon for certain space groups. Twinned crystals require special consideration because they are a mixture of two or more single crystals. If the twinning in these crystals were ignored, nearly 50% of the scattering matter would not be accounted for.
Taking twinning properly into account yielded a refined structure different in some respects from the one that first used crystals from cubic lipid phase (5) . Also, the statistics of the refinement as well as the electron density maps are improved. The previously reported R factor and R free were 22.1% and 32.7%, respectively, for data with F Ͼ 3(F) between 2.5 and 5.0 Å, with an unusually high average B factor of 54 Å 2 (5) . Calculating these parameters in the same way (omitting data higher than 5 Å), but not using a -based cutoff, we found the following values: R factor, 18.0%; R free , 23.6%; and average B, 26.7 Å 2 . More detailed statistical information is given in Table 1 .
The overall seven-helical structure is similar to those previously determined (3) (4) (5) . The loop between helices B and C forms a short antiparallel ␤-sheet in the same orientation as in the electron diffraction structures (3, 4) . We observed no density for residues 1 to 5, 154 to 166 (the loop between helices E and F), and 229 to 248 (COOH-terminus). In several positions equivalent to the diacyl lipid positions observed in one of the earlier structures from electron diffraction (3), we also observed long sections of density with various branch points that we interpret as native dihydrophytyl lipids, carried along through solubilization and cubic lipid phase crystallization. Model building and refinement for these areas are in progress.
The densities and the refined model at locations of interest are shown in Fig. 2 . The immediate environment of the retinal Schiff base is shown in Fig. 2A . OD1 of Asp 85 , the proton acceptor from the Schiff base in the transport cycle, is hydrogenbonded to a water molecule, labeled W401 (8) . OD1 of Asp 85 also accepts a hydrogen bond from another water molecule (W402) that in turn accepts a hydrogen bond from the Schiff base, a feature predicted and much discussed (9) proton occupancy of the proton release chain, the pathway of the released proton should be evident in the unphotolyzed protein. Indeed, there are strong clues in this structure. The NE of Arg 82 is hydrogenbonded to a water molecule (W403), which is at hydrogen-bonding distance (at a somewhat long 3.5 Å) from OE2 of Glu 204 . This carboxyl oxygen is within 4.0 Å of OE2 of Glu 194 and thus provides a possible pathway for the released proton. Two unassigned disconnected densities in this region (one shown as W in Fig. 2B ) are likely to be additional water molecules that could participate in proton conduction, but their distances from protein residues appear to be slightly longer than hydrogen bonds. The suggested alternative pathway (5) that passes through Thr 205 and Glu 9 has somewhat less favorable distances and orientation, and water is not detected in that region. Indeed, extensive mutational and spectroscopic studies (11) (12) (13) have indicated that Arg 82 , Glu 204 , and Glu 194 constitute the pathway of the released proton, whereas Glu 9 and Thr 205 can be replaced without affecting proton release (13) . Although some evidence suggests it, the small amplitude (12) Another indication of the nearly perfect merohedral twinning of these crystals is the fact that reducing the data in the higher symmetry space group P622 only slightly increases the R merge of the data set from 11.3% to 14.2%. A third indication is the fact that we obtained two solutions to the cross-rotation function with almost equal peak heights, related to each other by a 180°rotation in the a /b plane (see Table 1 ). All crystals examined exhibited close to 50:50 twinning, regardless of size. From the structure, shown schematically in Fig. 3, it is is not the proton acceptor of the Schiff base. The extended hydrogenbonded structure, which includes an aspartate, an arginine, two tyrosines, and a water, is part of the diffuse counterion to the Schiff base evident from nuclear magnetic resonance (17) . The structure suggests that the proton released to the extracellular surface is from water molecule W403 and the pathway is through Glu 204 and Glu
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. Replacement of this proton from Asp 85 at the end of the photocycle must occur through rearranged hydrogen bonds that establish a chain of connection between Asp 85 and Arg
82
. The three previously published structural models for bacteriorhodopsin and our model differ from one another. The largest differences are in the number and positions of hydrogen-bonded water molecules near the Schiff base and in the connectivities of residues in the extracellular region that determine the proton-conducting pathway to the membrane surface. Although all models connect Tyr 57 , Asp 212 , and Tyr 185 with hydrogen bonds (18) (Fig. 2, A and C and Glu 204 , which appears only in our structure (Fig. 2B) , argues in favor of the proton pathway through Glu 204 . On the cytoplas- Fig. 3 . Schematic of the active site and part of the extracellular proton translocation pathway. that we found (Fig. 2D) is in the models of Grigorieff et al. (3) and Pebay-Peyroula et al. (5) but not in the model of Kimura et al. (4) . Substantial and numerous differences exist also between the two electron microscopy (EM) structures in the positions of other side chains near the surfaces, as pointed out recently by Kimura et al. (19) . The scarcity of liganded water in the protein interior is a surprise, as in the earlier structure (5) . Unordered water cannot be detected but may be deduced from cavities inside the protein (3). As shown in Fig. 4 . It may contain as many as three to four water molecules and lends support to the suggestion that proton release is through Glu
194
. The smaller cavity is between Asp 96 and the Schiff base. It could contain one to two water molecules, which possibly have a role in the reprotonation of the Schiff base if they shuttle protons or become organized to form a hydrogen-bonded chain, during the photocycle. In the earlier electron diffraction structure (3), the same kind of search turned up as many as 12 cavities that could contain at least one water molecule. The structure we describe here shows considerably fewer potential sites for disordered water molecules. Table 1 . X-ray data collection, molecular replacement, and refinement statistics. Crystals were grown as described previously (6) , attesting to the similarity between the P3 electron microscopy crystal lattice and the P6 3 three-dimensional crystal lattice. The presence of merohedral twinning made the program SHELXL-97 (22) the obvious choice for crystallographic refinement. If the twinning were neglected, one would be refining the model against structure factors that have contributions from both twin components (23) . Refinement of a twinned structure introduces only one additional parameter that describes the relative twin fractions. For the R free test, 5% of all structure factors were set aside in such a way that all structure factors in each of several thin resolution shells were selected to avoid bias due to the presence of the twinning operator. The first round of refinement (with all data but without a cutoff ) consisted of 20 cycles of conjugate gradient minimization with a gradual extension of the resolution from 3.3 to 2.3 Å with highly restrained geometries and temperature factors and resulted in an R factor of 27.4% and an R free of 34.4%. In contrast, use of the same refinement protocol without accounting for twinning resulted in an R factor of 36.8% and an R free of 43.4%. In the initial stages of refinement, the side chain atoms of key residues such as the retinal, Asp , and Asp 96 of the EM model used (4) were omitted to minimize model bias. These side chains were manually built into 3F o  Ϫ 2F c  omit maps. Several rounds of manual model improvement followed by refinement resulted in an R factor of 18.0% and an R free of 26.6%. For statistical reasons, the R factor for merohedrally twinned data can be up to 1.4 times lower than for an equivalent nontwinned case, assuming a random atom distribution (24) . All peptide bonds fall into the allowed regions of the Ramachandran plot. 
Data
